It is well documented that sex-dependent factors affect susceptibility to infection, with most mouse models demonstrating higher resistance in females. We made the unexpected observation that infection with the intracellular bacterium Listeria monocytogenes showed an opposite pattern in several commonly used inbred mouse strains: female C57BL/6J, BALB/c, C3H/HeN, and CBA/J mice were significantly more susceptible to Listeria infection. The pronounced sensitivity of females to Listeria, which was revealed by significantly higher lethality rates, correlated also with increased bacterial numbers in organ tissues (spleen and liver) and several immunological changes in peripheral blood samples. Surprisingly, increased severity of infection in females was associated with elevated interleukin-10 (IL-10) levels in plasma. Experiments using Il10 knockout mice, for which no differences between the susceptibilities of males and females to Listeria infection could be detected, confirmed the important role of this immunosuppressive cytokine for the outcome of disease. Our findings are likely to have clinical relevance, since similar sex differences with regard to infection with Listeria monocytogenes and other intracellular pathogens have been reported for humans.
Infectious diseases are a major cause of morbidity and mortality worldwide (52) . It is well established that the sex of a host can significantly affect susceptibility to infection. A number of reports have shown that patients of one sex are more likely to get an infectious disease, and gender is often referred to as a risk factor for the severity and outcome of an illness; wellknown examples from human pathology include tuberculosis (13) , sepsis (7) , invasive amebiasis (1), toxoplasmosis-related entities (8, 42) , and listeriosis (21) . The underlying molecular mechanisms of this predisposition are largely unknown.
Mice have been extensively used to study immune responses during infection, and it is not surprising that sex differences in susceptibility have also been observed in mouse models, further confirming clinical observations that female and male individuals handle infections differently. Most experimental settings examining a variety of different infectious agents have revealed a rather redundant susceptibility pattern, suggesting that female mice are in general more resistant to bacterial or viral diseases than males (4, 17, 27, 30, 35, 36, 53) . In all these experimental models, increased resistance was associated with more vigorous and better-sustained immune responses in females (36, 41, 47, 51) , which have been attributed to hormoneregulated dissimilarities in immune cell function and cytokine production (5, 44) . Nevertheless, the intricate mechanisms of sex differences in infection susceptibility have remained obscure.
Listeria monocytogenes is an intracellular gram-positive bacterium that causes disease in immunocompromised individuals and pregnant women, often with deleterious consequences for the fetus (21) . It is also one of the most widely used pathogens in experimental mouse studies that provided the basis for establishing major paradigms in contemporary immunology.
The origin of the gender "preference" of L. monocytogenes infection has never been clarified. We therefore analyzed sexrelated susceptibility patterns for listeriosis in four commonly used inbred strains of mice. In contrast to most other infection models, we found that females of all mouse strains were more susceptible to L. monocytogenes than males. Interestingly, the increased severity of infection in females correlated with elevated interleukin-10 (IL-10) levels in plasma but not with gamma interferon (IFN-␥). L. monocytogenes infection experiments in Il10 knockout mice revealed a loss of sex dependence in the absence of this cytokine, demonstrating the important role of IL-10 in this model. We hypothesize that differential IL-10 production is a major factor in the observed sex dependence in susceptibility to L. monocytogenes infection.
These mice were sanitized via embryo transfer and imported into the specificpathogen-free infection facility of the GBF. All subsequent experiments were performed in accordance with German laws after appropriate permission was obtained from the government (509.42502/07-06.02 from Bezirksregierung Braunschweig).
Infection and bacteria. Age-matched groups of seven female and male mice from each strain were infected intravenously with 1.3 ϫ 10 3 to 2.0 ϫ 10 4 CFU of L. monocytogenes EGD or 1 ϫ 10 5 CFU of Streptococcus pyogenes A20 (36) . For survival experiments, mice were observed for 14 days after infection. Phosphatebuffered saline (PBS)-injected age-, sex-, and strain-matched animals served as controls.
For determination of organ bacterial numbers, mice were euthanized by CO 2 inhalation, and livers and spleens were dissected, weighed, and put into 14-ml tubes containing 5 ml ice-cold PBS. Tissues were homogenized using an automatic homogenizer at maximum speed for 30 s. Serial dilutions were plated on brain heart infusion (Difco, N.J.) agar plates and incubated overnight at 37°C. After 24 h of growth, colonies were counted and the bacterial load of each organ was calculated.
FACS analysis. All blood tests were performed at the German Mouse Clinic (20a). Peripheral blood lymphocytes (PBL) were isolated from 500 l blood by erythrocyte lysis with NH 4 Cl (0.17 M)-Tris buffer (pH 7.45) directly into 96-well microtiter plates. After a subsequent wash with staining buffer (PBS, 0.5% bovine serum albumin, 0.02% sodium azide, pH 7.45), PBL were incubated for 20 min with 1 mM ethidium monoazide bromide (Molecular Probes, The Netherlands) and Fc block (clone 2.4G2; PharMingen, San Diego, Calif.). Ethidium monoazide bromide bound to the DNA of dead cells was photo-cross-linked by brief light exposure. Cells were then stained with fluorescence-conjugated monoclonal antibodies (PharMingen). The following main cell populations were analyzed: B cells (CD19 ϩ ; clone 1D3), T cells (CD3 ϩ ; clone 145-2C11), CD4 ϩ T cells (clone RM4-5), CD8 ϩ T cells (CD8␣, clone 53-6.7; CD8␤, clone H35-17.2), granulocytes (Gr-1 ϩ ; clone RB6-8C5), and NK cells (CD49b ϩ ; clone DX5). Data were acquired on a FACSCalibur (Becton Dickinson, San Diego, Calif.) and analyzed using FlowJo software (Tree Star Inc., Ashland, Oreg.). All samples were acquired until a total number of 25,000 cells was reached.
Cytokine measurements. Cytokines were measured on a Bioplex reader (BioRad, Hercules, Calif.) using an 18-plex assay kit allowing simultaneous quantification of the following cytokines and chemokines in a single sample: IL-1␣, IL-1␤, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12 (p40), IL-12 (p70), IL-17, tumor necrosis factor alpha (TNF-␣), IFN-␥, keratinocyte-derived chemokine (KC), macrophage inflammatory protein 1␣ (MIP-1␣), granulocyte colony-stimulating factor (G-CSF), granulocyte-monocyte colony-stimulating factor (GM-CSF), and regulated on activation, normal T-cell expressed and secreted (RANTES). All procedures were carried out according to the manufacturer's specifications.
Statistical analysis. Student's t test (with S-plus and SigmaPlot software) was used to establish the level of significance for comparisons of groups of infected and control animals as well as females and males. The log rank test (with continuity correction) was applied to evaluate data from survival experiments. Significance levels were defined and are marked in figures and tables as follows: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
RESULTS
Increased lethality of L. monocytogenes infection in female mice. Although L. monocytogenes has been one of the most extensively used pathogens in mouse models for studying innate and adaptive immune responses, and in spite of the available clinical data providing evidence for the existence of sexbased susceptibility differences in listeriosis (21) , the question of sex dependency has never been thoroughly elucidated in the mouse. To address this issue, we infected age-matched groups of male and female BALB/c mice with 1.5 ϫ 10 4 CFU L. monocytogenes EGD, which was approximately 1 50% lethal dose for this mouse strain, and followed their survival for a period of 14 days. As a positive control, another group of mice from the same strain was infected with 1 ϫ 10 5 CFU Streptococcus pyogenes, for which a clear sex dependency has been established (36) . As expected, all S. pyogenes-infected male animals died by day 4, while half of the females survived until the end of the experiment (Fig. 1, left) . Exactly the opposite pattern was observed after infection with L. monocytogenes: almost half of the female mice died by day 4 after infection, while males were clearly more resistant, and this difference was maintained until the end of the observation period (Fig. 1,  right) . This finding is contrary to what is known from most other bacterial and viral models in the mouse, where females are the more resistant sex (4, 17, 27, 30, 35, 36, 53) .
Because susceptibility to L. monocytogenes infection is partly genetically determined (9, 15, 18, 23, 46) , the observed "reversed" sex-dependent sensitivity ( Fig. 1 ) could just reflect a BALB/c-specific phenotype. We therefore determined lethality curves for a variety of commonly used inbred mouse strains; age-and sex-matched groups of C57BL/6J, C3H/HeN, BALB/c, and CBA/J mice were infected with 2 ϫ 10 4 CFU L. monocytogenes, a slightly higher dose, since increased resistance to L. monocytogenes infection has been well documented for C57BL/6 mice (15). In findings similar to those from the first experiment ( Fig. 1) , female BALB/c mice showed increased susceptibility to L. monocytogenes, which was even more pronounced due to the higher infecting dose ( poorer survival rates than males (for C57BL/6J, P ϭ 0.035; for C3H/HeN, P ϭ 0.002; for CBA/J, P ϭ 0.05).
Since male mice are usually slightly bigger than females, we needed to exclude the possibility that the differences observed were biased by sex-dependent differences in body weight. Therefore, we compared the survival data of mice infected with identical bacterial doses per gram of body weight (mean 680 CFU/g, which equals 2 ϫ 10 4 CFU L. monocytogenes per mouse in males and 1.5 ϫ 10 4 CFU in females). Under these conditions also, female mice continued always to be more susceptible, with higher lethality rates than males (data not shown). This series of experiments demonstrated that increased susceptibility of female mice is a general feature of this model. It also allowed us to estimate the effects of different genetic backgrounds on susceptibility to L. monocytogenes infection. Based on the data from males (since the majority of females died by day 4 after infection), BALB/c and C57BL/6J mice were most resistant, C3H/HeN mice showed an intermediate phenotype, and CBA/J mice were most susceptible to L. monocytogenes infection.
Pronounced severity of L. monocytogenes infection revealed by higher bacterial numbers in organ tissues and immunological changes in peripheral blood samples. Our experiments established that female mice are more susceptible to L. monocytogenes infection, with poorer survival rates than males. To elucidate the underlying mechanisms of this "sex dimorphism," we determined the bacterial loads in spleen and liver after infection. Although CFU from L. monocytogenes-infected animals are clearly affected by the genetic background, significantly higher numbers of bacteria were counted in spleens derived from female mice of all four mouse strains (Fig. 3A) . Similar differences were also found in liver tissues (data not shown).
We also infected groups of female and male animals with a sublethal dose of L. monocytogenes (1 ϫ 10 3 CFU). All mice survived until the end of the observation period (data not shown), but significantly higher bacterial numbers were again found in organ tissues of female mice (Fig. 4) . These results support the interpretation that female mice have a reduced ability to control replicating bacteria during infection, which is achieved through the coordinated interplay of different immune system effectors (11, 12) . As has been reported before (9, 15, 18, 23, 46) , absolute numbers of viable bacteria recovered after infection from spleens or livers differed substantially between different mouse strains and did not necessarily correlate directly with lethality.
We performed extensive monitoring of immunological parameters during L. monocytogenes infection in order to exam- ine sex-dependent differences in the immune response. Since most of the infected animals died by day 4 after infection, we decided to investigate changes in blood samples on day 3, when differences between male and female mice should already be detectable. For analysis of PBL, numbers of CD19 ϩ cells (B cells), CD3
ϩ cells (T cells), CD4 ϩ T cells, CD8 ϩ T cells, Gr-1 ϩ cells (granulocytes), and CD49b ϩ (pan-NK) cells in all four inbred mouse strains were determined by flow cytometry. As reported previously, early L. monocytogenes infection is characterized by a severe reduction in the number of peripheral lymphocytes (37) . This lymphopenia affected all lymphocyte subsets monitored and was found in both female and male mice of all mouse strains ( Fig. 3B; Table 1 ). However, the extent of lymphopenia was more pronounced in female mice, inversely correlating with the increased bacterial load (Fig. 3A  and B) . Granulocyte frequencies were significantly elevated after L. monocytogenes infection, and this increase was stronger in males (with the exception of C57BL/6J mice, for which the increase in Gr-1 ϩ cells was higher in females). In addition, we measured the levels of a variety of different cytokines and chemokines in plasma samples ( Fig. 3C and D ; Table 2 ). Our data revealed several changes in proinflammatory cytokines and chemokines that are typical for this infection model (39, 45) and that demonstrated some degree of sex dependency. Levels of IL-1␣ and IL-10 as well as IL-3, IL-6, IL-12 (p40 and p70), KC, MIP-1␣ (only in C3H/HeN and CBA/J mice), G-CSF, and RANTES (only in CBA/J mice) were more elevated in females. However, IFN-␥ and IL-5 (only in C3H/HeN and CBA/J mice) were more strongly induced in males. Some cytokines did not demonstrate any sex-specific pattern (IL-1␤, IL-17, and TNF-␣), while others were hardly detectable (IL-2, IL-4, and GM-CSF) in the serum. However, all these changes could just reflect indirect effects mediated by the differences in bacterial loads (Fig. 3A) . We were surprised, therefore, to find that plasma IFN-␥ levels were significantly higher in males, although they had lower bacterial numbers in organ tissues than females. Another unexpected finding was that significantly higher levels of IL-10 (as much as threefold) were detected in the females of all four strains (Fig. 3D) . Interestingly, a similar difference was observed in animals infected with a sublethal dose of L. monocytogenes (1.3 ϫ 10 3 CFU), but due to the lower level of systemic infection under these conditions, the statistical significance of the difference was not as strong as that in the experiments where a higher infection dose was used (likewise for all other cytokines examined in the serum). IFN-␥ is a crucial factor for the early control of L. monocytogenes infection, and IL-10 has been described as a major immunomodulatory cytokine that is able to down-regulate the production of proinflammatory cytokines such as IFN-␥ (40). We therefore hypothesized that increased IL-10 production upon L. monocytogenes infection might be a crucial factor in mediating more-severe disease and increased lethality in female mice. Representative data from one out of three independent experiments are shown as mean values for three to seven mice per group Ϯ standard errors of the means. Inf, infected mice; Con, control mice. For comparison between males and females, significantly lower values compared to those for the opposite sex are indicated as follows: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. For comparison between L. monocytogenes-infected animals and sex-matched controls, significantly altered values compared to those for controls are indicated as follows: #, P Ͻ 0.05; ##, P Ͻ 0.01; ###, P Ͻ 0.001. 
IL-10 is a crucial mediator of sex-dependent differences during L. monocytogenes infection.
To test the hypothesis that the immunosuppressive cytokine IL-10 is involved in the increased susceptibility of female mice to L. monocytogenes infection, we infected Il10 knockout mice (congenic on a C57BL/6J genetic background) and wild-type control mice with 1.5 ϫ 10 4 CFU of L. monocytogenes and determined their survival rates. As shown in the previous experiments (Fig. 2) , female C57BL/6J mice are more susceptible to L. monocytogenes infection than males (Fig. 5 ). This sex difference disappeared in Il10 knockout mice, where female mice survived as well as their male littermates (Fig. 5A) . Since Il10-deficient mice have been described as up to 50-fold more resistant to Listeria infection than wild-type controls (19), we performed similar survival experiments using higher infection doses. As shown in Fig. 5B , at higher doses also, no difference between the two groups could be observed. Furthermore, IFN-␥ levels in female Il10-deficient animals were substantially higher than those in control females, reaching concentrations as high as those in control males (Fig. 5C ). These data strongly support our interpretation that IL-10 is a key factor in sex-dependent differences during L. monocytogenes infection.
DISCUSSION
Our experiments show for the first time that the outcome of disease after infection of mice with the intracellular pathogen Listeria monocytogenes is more severe in females than in male littermates. The sex-dependent difference was found in a variety of commonly used inbred mouse strains and is distinct from experimental data reported for several other bacterial pathogens. More-detailed analysis of the immune responses during L. monocytogenes infection resulted in the surprising finding that the relative increase in IFN-␥ levels in the plasma, which have been reported to correlate directly with the severity of infection in experimental listeriosis (39, 45) , is lower in female mice despite their higher bacterial load. In parallel, levels of the immunomodulatory cytokine IL-10 in plasma are highly (3, 24) . Mapping experiments revealed a locus on chromosome 11 that contributed to the female-biased susceptibility to this pathogen (6) . Babesia sp. is another parasite that caused increased mortality among female mice of several inbred and hybrid strains [AKR/J, 129/J, (B6 ϫ 129)F 1 , C3B6F 1 ϫ C3H/HeN] (2). Other experimental studies revealed that male mice (BALB.K, C57BL/10ScSn, B6 ϫ 129, C.B-17 scid/scid) can handle Toxoplasma infection better than females, and the differences described were attributed to different kinetics of IFN-␥ (in spleen cell cultures) and IL-12 (in plasma) (43, 50) . Female C57BL/6 mice were more susceptible to Pseudomonas aeruginosa infection, showing greater weight loss and higher bacterial loads in the lungs (26) . Thus, our finding that females are more susceptible to L. monocytogenes infection seems to be part of a broader biological phenomenon. An interesting observation that further supports this interpretation can be found in human epidemiological studies that demonstrated higher incidence rates of toxoplasmosisrelated lymphadenopathy in females than in males (8) as well as increased frequencies of Toxoplasma encephalitis and herpes simplex infection in female AIDS patients (42) .
The gender differences observed during L. monocytogenes infection may differ from the situation for other bacterial pathogens due to specifics in the cell biology of this intracellular pathogen, which hides in the cytosol of infected cells. The reestablishment of immunological homeostasis during infection requires mobilization of various pathways leading to elimination of the causative pathogen (33) . In the L. monocytogenes model, both innate and adaptive responses are necessary for the establishment of sterilizing immunity (28, 48) . The dramatic susceptibility of female mice to L. monocytogenes during the first days of infection prompted us to look for differences in the innate immune response, which probably plays a crucial role in this discrepancy. Analysis of PBL subsets showed two major system changes during L. monocytogenes infection: lymphocyte numbers go down, most likely due to apoptosis (14, 37) , and there is a "burst" of granulocytes, which are involved in the first line of defense against L. monocytogenes (16, 38) . Although we could not detect clear-cut differences between males and females for the majority of cell populations analyzed, higher frequencies of Gr-1 ϩ cells in males and morepronounced lymphopenia in females were observed. Together with the lower bacterial numbers found in the spleens and livers of male mice, these data further characterize the nature of the increased resistance of male mice to L. monocytogenes infection, indicating that the quality of the induced immune response is the major cause of sex-dependent differences.
Several cytokines orchestrate effective immune responses during L. monocytogenes infection: IFN-␥, TNF-␣, IL-1, IL-6, and IL-12 are intimately involved in the establishment of protection, while IL-10 exerts the opposite effect (20, 39) . Interestingly, sex hormones can substantially affect the expression of those cytokines. Estrogen, for example, down-regulates IFN-␥ and TNF-␣ but stimulates IL-10 production (25, 31, 32, 44) . In our experimental system, IFN-␥ was clearly increased to significantly higher levels in male mice than in females in all four strains after L. monocytogenes infection. Since IFN-␥ seems to be essential for the resolution of L. monocytogenes infection (10), it is likely that the higher levels in males contributed to their increased resistance. In comparison, female mice upregulated several cytokines, one of which (IL-10) might be crucial for their increased susceptibility. IL-10 is a potent immunosuppressor whose major effects may be summarized as suppression of Th1 differentiation and Th1-type cytokine synthesis, inhibition of macrophage effector function and antigen presentation, and repression of T-cell proliferation (40) . These effects have also shown to be operative by interference with the prevalence of IL-10 in vivo during L. monocytogenes infection (19, 22, 29, 49) , and it would therefore be expected that the increased levels of IL-10 in female mice would hamper the recovery of the animals and render them more susceptible to L. monocytogenes infection. This interpretation is convincingly supported by our finding that in Il10 knockout mice, females and males handle the infection equally well.
Infection of mice with Listeria monocytogenes has become one of the most commonly used infection models in immunological research. The dramatic sex-dependent differences in outcome of disease described in this study point out the importance of using sex-matched groups of animals for such studies. It is very likely that insufficient control for genderinfluenced factors contributes substantially to controversial results generated by different laboratories using the same infection model.
A better understanding of the mechanisms determining susceptibility and resistance to infection is a prerequisite for future development of more-effective therapies for infectious diseases. Influences of gender on susceptibility to infection with distinct pathogens are also well known in humans (see also the introduction), giving our findings potential clinical relevance. If IL-10-mediated mechanisms are also involved in the epidemiological bias toward females found for tuberculosis, toxoplasmosis, and listeriosis as well as for localized infections of the urinary tract and the vagina, temporary neutralization of IL-10 or its functions could represent an interesting target for therapeutic interventions.
